The herpes simplex virus type 1 temperature-sensitive (ts) DNA-positive mutant ts1203 has been characterized. The ts lesion in ts1203 was located by marker rescue within the coding region of gene UL28. Nuclei of cells infected with ts1203 at the non-permissive temperature (NPT) contained large numbers ofcapsids with a uniform morphology. These capsids lacked DNA but had a defined internal structure. No full capsids were detected at the NPT, suggesting that tsl203 was unable to package viral DNA. In this respect tsl203 is similar to ts1201 which has a defect in gene UL26. The capsids made by ts1203 at the NPT, however, contained a more compact internal structure than those of tsl201. In addition, ts1203 capsids were dispersed throughout the nucleus whereas tsl201 capsids were frequently found clustered together in large arrays. Southern blot and sedimentation analyses of viral DNA confirmed that ts1203 had an encapsidation defect and showed that most of the mutant DNA at the NPT was of a high Mr. The effect of the ts1203 mutation could not be reversed in the absence of de novo protein synthesis by transferring mutant-infected cells from the NPT to the permissive temperature.
Introduction
The herpes simplex virus (HSV) particle has a complex structure consisting of a nucleocapsid, an amorphous layer known as the tegument and a trilaminar lipid envelope. Recently, detailed analysis of capsids by cryoelectron microscopy has shown that the capsid in virions is composed of an outer T = 16 icosahedral lattice and an inner T = 4 icosahedral lattice (Schrag et al., 1989) . The double-stranded linear genome is located inside the T = 4 lattice.
Shortly after the virus enters the cell, the HSV genome circularizes (Poffenberger et al., 1983; Poffenberger & Roizman, 1985) . The available evidence suggests that, at least late in infection, the DNA is replicated via a rolling circle model and forms head-to-tail concatemers (Jacob et al., 1979) . Capsid assembly takes place in the nucleus (Morgan et al., 1954) and the concatemeric DNA is cleaved as it enters a preformed capsid (Ladin et al., 1980; Deiss & Frenkel, 1986; Sherman & Bachenheimer, 1987) . In wild-type (wt) virus-infected cells there are three classes of capsids, full, intermediate and empty, present in the nucleus (Schaffer et al., 1974; Atkinson et al., 1978) . Full capsids contain DNA and have a densely staining core, whereas intermediate capsids lack DNA and have an electron-translucent core (Gibson & Roizman, 1972; Furlong et al., 1972) . Empty capsids are devoid of DNA and internal structure (Gibson & Roizman, 1972 ) and probably represent full capsids which have lost their core. Although seven capsid proteins have been identified, only a few of these have been shown to be integral capsid proteins (Gibson & Roizman, 1972; Heilman et al., 1979; Cohen et al., 1980) . From the analysis of the three-dimensional structure of the HSV nucleocapsid, it has been proposed that the major capsid protein, ICP5 (Vmw155), forms not only the hexamers but also the pentamers in the outer capsid shell (Schrag et al., 1989) . The components of the inner lattice have not yet been identified. The major difference between full and intermediate capsids is the presence of large amounts of ICP35 (p40, Vmw40, VP22a, assembly protein) in intermediate capsids and its absence from full capsids (Sherman & Bachenheimer, 1988; Rixon et al., 1988) . Although this protein has been classified as a capsid protein, it is only a minor component in virions. Work by Braun et al. (1984) suggested that ICP35 was present on the outer surface of the T = 16 capsid shell. Recent experiments using the Ar ÷ plasma etching technique, however, indicate that this protein may have an internal location (Newcomb & Brown, 1989) . Analysis of the mutant tsl201, which has a temperaturesensitive (ts) mutation in ICP35, has shown that this protein is required for encapsidation of viral DNA .
Although a variety of ts mutants with defects at different stages in assembly of the virus particle have 0000-9567 © 1990 SGM been isolated, very little is known about how the capsid is formed and the gene products which are important for assembly of the virus particle. In this paper, we describe the characterization of the HSV-I mutant ts1203, which fails to assemble full capsids at the non-permissive temperature (NPT), and compare its properties with those of tsl201.
Methods
Cells and virus. BHK-21 C13 cells (Macpherson & Stoker, 1962) , grown in Eagle's medium supplemented with 10% tryptose phosphate and 10% newborn calf serum, were used in complementation tests, plaque titrations and for virus propagation. Human foetal lung (HFL) fibroblast cells, Flow 2002 (Flow Laboratories), were used in all other experiments. HFL ceils were grown in Eagle's medium supplemented with 10% foetal calf serum and 1% non-essential amino acids. The wt HSV-1 was the non-syncytial form of strain 17 (HSV-I strain 17 syn+; Brown et al., 1973) . tsl201 and ts1203 (Matz et al., 1983) were derived from this strain. In complementation tests, tsA (Brown et al., 1973) , tsH , ts1205 (Matz et al., 1983) , ts656 (Hughes & Munyon, 1975) and tsZ47 (Pancake et al., 1983) were used. The latter two mutants were kindly provided by P. A.
Schaffer.
Marker rescue analysis. The marker rescue test was carried out as described by , with the modification of Preston (1981) . Plasmids were cleaved with the appropriate restriction endonuclease prior to marker rescue.
Complementation test. The complementation yield test was performed as described by Brown et al. (1973) . Complementation indices greater than 4 were considered positive.
Plasmids. The HSV-1 sequences in plasmids pGX31, pGX19 and pGX20 were derived from cloned BamHI g. The plasmid pGX37, containing BamHI g, was cleaved with BamHI and SalI and the resulting HSV-1 SalI and two BamHI/SalI fragments were subcloned into the vector pAT153. Plasmid pGX31 contains the Sal] fragment, pGX19 contains the BamHI/SalI fragment to the left of the SalI fragment and pGX20 contains the BamHI/SalI fragment to the right of the Sal I fragment (refer to Fig. 1) . A description of other plasmids used in marker rescue experiments is given in Table 1 and Fig. 1 . In hybridization experiments, pGX2 (which contains the HSV-1 BamHI k fragment) was used. The plasmid vector used in all of the constructions was pAT153 (Twigg & Sherratt, 1980) . Electron microscopy. Cell monolayers were infected with 5 p.f.u./cell and the virus was adsorbed for 1 b at the NPT or permissive temperature (PT). Cells were overlaid with medium and incubation continued at the temperature used for virus adsorption. At various times after addition of virus, cells were harvested and samples prepared for electron microscopy as described by Addison et al. (1984) .
Hybridization analysis of viral DNA. Cells were infected with an m.oA. of 5 p.Eu./cell and harvested after an 18h incubation at either 31 °C or 38.5 °C. In temperature shift experiments, virus-infected cells were transferred from the NPT to the PT in the presence of 200 pg/ml cycloheximide at 10 h post-infection (p.i.), prior to harvesting at 18 h p.i. Total virus-infected cell DNA and encapsidated DNA (DNaseresistant DNA) were prepared as described by Stow et al. (1983) . The DNAs were cleaved with BamHI, the fragments were separated by electrophoresis on a 1% agarose gel and transferred onto nitrocellulose paper using the Southern blotting technique (Southern, 1975) . Plasmid, labelled in vitro by nick translation (Rigby et al., 1977) , was hybridized for 16 h at 72 °C to DNA immobilized on the nitrocellulose (Botchan et al., 1976; Jeffreys & Flavell, 1977) . 
Map coordinates
Sedimentation analysis of DNA. Cells were infected with 5 p.f.u./cell and incubated at either 31 °C or 38.5 °C. At 8 h p.i., the cells were labelled with 100 ~tCi/ml [3H]lhymidine in phosphate-buffered saline (PBS). After 30 min the radioactive medium was removed and the cells were washed several times with tissue culture medium before being overlaid with virus-infected cell medium. At 18 h p.i., the cells were washed once with PBS and overlaid with 1 ml of buffer containing 10 mM-Tris-HCl pH 7.5, 1 mM-EDTA, 1% (w/v) N-lauroyl sarcosine (sodium salt). Samples were heated to 60 °C for 15 min, digested with 2.5 mg/ml Pronase in a final volume of 2 ml buffer and deproteinized with phenol :chloroform (1 : 1) mixture. Virus DNA was separated from host DNA by isopycnic density gradient centrifugation in CsC1 . Fractions containing viral DNA were dialysed against 10 mM-Tris-HC1 pH 7.5, 1 mM-EDTA, layered onto linear 10 to 30 % (w/w) sucrose gradients and centrifuged at 18 °C in a TST40 rotor (Sorvall) for 2 h at 40000 r.p.m. Fractions were collected from the gradients and the radioactivity was determined by scintillation counting.
Results

Physical map location of tsl 203 mutation
The ts1203 lesion had been previously mapped to the region of the HSV-1 strain 17 genome common to restriction endonuclease fragments KpnI p and BamHI g, within map units 0-374 to 0-392 (Matz et al., 1983) . To refine the map location of the ts1203 mutation further, BamHI/SalI and SalI subclones of cloned BamHI g were screened for the ability to marker rescue the mutant. The ts defect mapped within the large SalI fragment present in the plasmid pGX31 (refer to Fig. 1 and Table 1 ). This plasmid was cleaved with SalI and BstEII and the three resulting fragments were tested in a marker rescue experiment. The mutant was rescued by the 3200 bp fragment b. The ts1203 mutation must therefore lie 
Electron microscopic analysis of ts l203-infected cells
Electron microscopic examination of thin section preparations of cells infected with ts1203 at the NPT revealed that the mutant assembled large numbers of intermediate capsids in the nuclei but no capsids containing densely staining cores were detected. In this respect, ts1203 resembled tsl201, an HSV-1 mutant which has a DNA packaging defect . However, ts1203 differed from tsl201 in the arrangement of capsids within the nucleus and in the appearance of the capsid itself. Capsids of ts1203 were randomly distributed throughout the nucleus, whereas tsl201 capsids were grouped together in large arrays, usually positioned at the nuclear membrane (Fig. 2) . In addition, the internal structure of ts1203 capsids at the NPT appeared to be more compact than the inner shell of tsl201 capsids. Since both types of electron-translucent core structures are seen in wt virus intermediate capsids during a normal infection, it is likely that tsl201 and ts1203 lesions affect capsids/nucleus respectively than cells infected with wt virus (refer to Table 2 ). The accumulation of capsids within the nucleus, together with the failure to detect enveloped virus particles, suggests that the m u t a n t capsids were unable to be enveloped and leave the nucleus. N o e m p t y capsids were detected in tsl201-infected cells and only a small n u m b e r were observed in tsl203-infected cells. The defect in D N A e n c a p s i d a t i o n of tsl203-infected cells at 38.5 °C could not be reversed upon downshift at 9 h p.i., in the presence of cycloheximide, to 31 °C, the PT. After a 3 h i n c u b a t i o n at the PT, no full capsids could be detected. In contrast, the tsl201 defect was reversible under the same t e m p e r a t u r e downshift conditions Fig. 2 ).
Processing of virus DNA
Electron microscopic observations of thin section preparations of cells infected with ts1203 or tsl201 at the N P T revealed that the cells did not contain dense-cored capsids or mature virions. To confirm that virus D N A was not e n c a p s i d a t e d at this t e m p e r a t u r e and to examine whether the u n p a c k a g e d D N A was cleaved, virus D N A processing was investigated using Southern blot analysis. Total virus-infected cell D N A and e n c a p s i d a t e d (DNase-resistant) D N A were p r e p a r e d from cells infected with wt virus, ts1203 or tsl201 grown at the P T or N P T . D N A samples were digested with BamHI, which cleaves within both the short and long repeat sequences as well as the unique regions of the HSV-1 g e n o m e (refer to Fig. 3 ). The resulting D N A fragments were separated by gel electrophoresis, transferred to nitrocellulose and hybridized to 32p-labelled pGX2. This plasmid contains the j o i n t -s p a n n i n g fragment BamHI k and will therefore hybridize not only to BamHI k but also to the terminal fragments q and s. In virion D N A digested with BamHI, fragments k, q and s are in e q u i m o l a r amounts because the genome is present in the virus particle as a linear molecule. Late in the infection of wt virus-infected cells, nal fragments q and s were in low abundance in tsl203-and tsl201-infected cells at the NPT, indicating that most of the viral DNA was endless and had not been cleaved and packaged into capsids (Fig. 3b) . The proportion of terminal fragments in ts1203-infected cells did not increase when the sample was transferred in the presence of cycloheximide to 31 °C, whereas the amount ofq and s in ts1201-infected cells rose to a level similar to that observed in wt virus-infected cells when treated in the same manner.
To confirm that the endless DNA present in tsl203-and tsl201-infected cells at the NPT was concatemeric and not circular, virus DNA purified by isopycnic CsC1 gradient centrifugation was sedimented in 10 to 30% (w/w) sucrose gradients (Fig. 4) . Most of the ts1203 and ts1201 DNA, purified from virus-infected cells grown at 38.5 °C, appeared to be high Mr DNA and formed a pellet at the bottom of the gradient. Only 16% of tsl201 and 17% of ts1203 DNA had sedimentation properties characteristic of unit length virus DNA. By contrast, 65% of wt virus DNA, extracted from cells grown at the NPT, formed a band in the middle of the gradient. A large proportion of wt virus, tsl201 and ts1203 DNA, purified from cells grown at 31 °C, banded in the middle of the sucrose gradient, suggesting that, at 31 °C, most of the virus DNA was linear. 
Complementation analysis
Previous work from our laboratory showed that ts1203 complemented ts mutants with defects in glycoprotein B (gB) or the major DNA-binding protein and therefore represented a new complementation group (Matz et al., 1983) . Since these results were published, several other DNA-positive HSV-1 and HSV-2 ts mutants with mutations in the vicinity of gB and the major DNAbinding protein have been described (Dixon et al., 1983; Pancake et al., 1983; Holland et al., 1984) . One of these mutants, HSV-1 KOS tsZ47 (previously known as icr78), was used to define the complementation group 1-33 (Schaffer et al., 1987) . To determine whether ts1203 belonged to this cistron, complementation analysis was carried out. Other mutants, ts1201, which has a mutation in ICP35 , tsH and ts1205, each of which has a defect in the DNA polymerase Matz et al., 1983) , tsA, which has a lesion in gB V. Preston, unpublished data) and ts656, which has a mutation in the major DNA-binding protein (Hughes & Munyon, 1975) , were included as controls. Ts1203 and tsZ47 gave positive complementation values with all the mutants tested (Table 3) .
Discussion
We have shown, using marker rescue, that the mutation in ts1203 maps within the coding region of gene UL28. Although a variety of HSV-1 and HSV-2 ts mutants thought to have mutations in UL28 have been isolated, these viruses have not been well characterized (Glorioso et al., 1980; Dixon et al., 1983; Pancake et al., 1983; Spang et al., 1983; Holland et al., 1984) . In complementation tests, one of these mutants, tsZ47, consistently gave positive values with ts1203, suggesting that either tsZ47 does not have a lesion in UL28 or that UL28 is multifunctional. Since relatively high recombination frequencies, ranging between 10 and 18 ~, were obtained in genetic crosses between ts1203 and tsZ47, it is clear that the ts mutations in these viruses do not map close together on the genome (data not shown). Marker rescue studies have shown that tsZ47 contains two ts mutations, one within XbaI g (map units 0.058 to 0.074) and the other within EcoRI f (map units 0.312 to 0.415) (Pancake et al., 1983) . The fact that tsZ47 is a multiple mutant may complicate the interpretation of the complementation data. It should be noted, however, that tsZ47 failed to complement HSV-2 mutants belonging to either complementation group 2-3 or 2--4 (Dixon et al., 1983) . These HSV-2 mutants synthesized similar amounts of DNA at the NPT to wt virus and had defects mapping close to or within UL28. These results suggest that tsZ47 may have a mutation in UL28. The DNA-positive HSV-1 mutants, ts8 and tsl7, which fail to complement each other, probably have mutations in UL28 because the lesion in ts8 was located by marker rescue between the KpnI site at 0.378 map units and the BamHI site at 0.397 map units, a region which spans part of UL28 and the major DNAbinding protein gene (Holland et al., 1984) . It is possible, however, that these mutants have additional ts lesions because the mutations in these viruses were difficult to map by marker rescue (Holland et al., 1984) . Viruses, generated by marker rescue, and ts + revertants of ts1203, form plaques at the NPT with the same efficiency as wt virus and it is therefore unlikely that ts1203 has more than one ts lesion.
Very little is known about the protein specified by UL28. Antiserum raised against a synthetic oligopeptide containing sequences near the carboxy-terminal portion of the putative UL28 protein reacted on protein blots with a virus-infected cell polypeptide designated ICP18.5 (Pellett et al., 1986) . This protein has an apparent Mr of 95 500, which is close to the Mr of 85 573 for UL28, predicted from sequence analysis (McGeoch et al., 1988) . No protein of this size has been identified in capsids purified from the nuclei of infected cells. It has been suggested that this protein affects the transport of viral glycoproteins to the cell membranes because, at the NPT, the mutant tsZ47 was resistant to immune cytolysis by polyclonal antibodies to gB and expressed reduced amounts of viral glycoproteins on the cell surface (Pancake et al., 1983; Pellett et al., 1986) . Although we cannot exclude the possibility that the UL28 gene product is required for the transport of viral glycoproteins, the evidence is weak and based on preliminary analysis of a single ts mutant which contains more than one ts mutation. Furthermore, another mutant, ts8, thought to have a mutation in UL28, was sensitive to immune cytolysis at the NPT and expressed normal amounts of viral glycoproteins on the cell surface (Holland et al., 1984) . From the analysis of ts1203, it is clear that UL28 is important for the assembly of the virus particle. Since, however, the effect of the ts1203 defect could not be reversed by transferring virus-infected cells from the NPT to the PT, it is not clear whether UL28 has a direct role in cleavage and encapsidation of viral DNA. It is possible that the ts1203 capsids assembled at the NPT are aberrant and incapable of packaging DNA even though the mutant protein may be able to regain a functional conformation. Alternatively, the mutant protein might be unstable at the NPT or irreversibly denatured. To date, tsl201 is the only HSV packaging mutant which has a defect that can be reversed upon downshift to the PT in the absence of de novo protein synthesis. All mutants so far isolated which fail to encapsidate DNA fail to cleave the high Mr viral DNA into unit length molecules, suggesting that cleavage occurs as the DNA is packaged (Ladin et al., 1980; Sherman & Bachenheimer, 1987) .
Electron microscopic analysis of thin section preparations of mutant-infected cells revealed that, at the NPT, ts1203 capsids had a more compact internal structure than those of tsl201 and were similar in morphology to capsids present in cells infected at the NPT with ts1208, which has a mutation in the structural protein encoded by UL25 (Addison et al., 1984) . In wt virus-infected cells both types of capsid morphologies were present, suggesting that these capsids may be precursors of full capsids. Interestingly, HSV-infected cells treated with 10 mMhydroxyurea, which inhibits ribonucleotide reductase activity and consequently affects viral DNA synthesis, contained two types of capsids with low density cores, one of which resembled ts1201 capsids and one similar in appearance to ts1203 capsids (Nii et al., 1968) . Recently, it has been shown that HSV contains two capsids, an outer icosahedral shell with a T = 16 lattice and an inner structure with a T = 4 icosahedron (Schrag et al., 1989) . It is clear that both ts1203 and tsl201 capsids, made at the NPT, contain an inner shell. The large internal shell present in tsl201 capsids at the NPT is similar in size to the T = 4 lattice in virions and it has been suggested that this capsid type may be the immediate precursor of DNA-containing capsids (Schrag et al., 1989) . If this is the case, then capsids containing a smaller internal shell may represent an earlier stage in the assembly pathway. On the other hand, when tsl201-infected cells are transferred from the NPT to the PT in the presence of a protein synthesis inhibitor, intermediate capsids containing a small internal structure appear as well as densecored capsids . Further work, however, is required to determine the precise relationship between these inner components and the T = 4 icosahedron in virions. No empty capsids lacking internal structure were present in tsl201-infected cells and only a few were detected in cells infected with ts1203 at the NPT. These results support the idea that empty capsids are not precursors of full capsids but are breakdown products of DNA-containing capsids or are formed during encapsidation of DNA (Friedmann et al., 1975; Perdue et al., 1975 Perdue et al., , 1976 Ladin et al., 1980; Preston et aL, 1983; Sherman & Bachenheimer, 1988) .
